Abstract Traumatic brain injury (TBI) is one of the most common causes of neurological damage in young people. It was previously reported that dietary restriction, by either intermittent fasting (IF) or daily caloric restriction (CR), could protect neurons against dysfunction and degeneration in animal models of stroke and Parkinson's disease. Recently, several studies have shown that the protein Sirtuin 1 (SIRT1) plays a significant role in the induced neuroprotection following dietary restriction. In the present study, we found a significant reduction of SIRT1 levels in the cortex and hippocampus in a mouse model of mild weight-drop closed head TBI. This reduction was prevented in mice maintained on IF (alternate day fasting) and CR initiated after the head trauma. Hippocampus-dependent learning and memory (measured using a novel object recognition test) was impaired 30 days postinjury in mice fed ad libitum, but not in mice in the IF and CR groups. These results suggest a clinical potential for IF and/or CR as an intervention to reduce brain damage and improve functional outcome in TBI patients.
Introduction
Traumatic brain injury (TBI) occurs when an object or external force hits the head. The main causes of TBI are road accidents, falls, assaults, and sport injuries (Holm et al. 2005) . Among the population under the age of 50, TBI is the most common neurological disorder (McAllister 2011; Slemmer et al. 2008; Zohar et al. 2003) . The effects of TBI can be temporary or permanent and can cause physiological, cognitive, motor, and behavioral deficits, which range on the spectrum between total lack of symptoms to severe deficits and death (De Kruijk et al. 2001; Gao et al. 2003) . Despite the prevalence of TBI, there is still no complete understanding of the destructive mechanisms in the injured brain at the molecular and cellular levels. In addition, mild TBI (mTBI), which accounts for over 80% of head injuries, is difficult to diagnose because routine tests, including imaging, fail to show changes in brain structure (De Kruijk et al. 2001; Tashlykov et al. 2009) The pathophysiology of TBI can be divided into primary and secondary injury mechanisms. The primary injury occurs directly due to the physical injury and may result in intracranial or extracranial hemorrhage due to damage to the blood vessels (Greve and Zink 2009 ). Moreover, damage to the brain tissue and the brain blood barrier (BBB) may occur Tashlykov et al. 2007) . Following these events, the secondary injury occurs within a period of hours to weeks after the primary injury (Greve and Zink 2009 ) and involves a series of inflammatory reactions. Mostly, the secondary injury will be more severe and complex than the primary and will include anatomical, cellular, molecular, and behavioral changes. When the neuronal cells fail to overcome these damages, secondary damage will cause cell death, either apoptotic or necrotic death (Rachmany et al. 2013) . Since it takes time for secondary damage to occur, a Bwindow of opportunity^is created during which a pharmacological or nutritional treatment can be administered.
Dietary restriction (DR) is a well-known reliable mechanism shown to slow down the onset of age-associated pathologies and increase the lifespan of many organisms Speakman and Mitchell 2011) . DR may be defined as the reduction in food intake without causing any malnutrition. Two types of DR regimens have been employed in animal and human studies. Intermittent fasting (IF) typically involves alternate day fasting, fasting 2 days each week, or daily time-restricted fasting (Mattson et al. 2017) . Another form of DR is the restriction of calories intake at a defined percentage of the overall intake or a gradually increasing restriction up to 60% of the regular diet (Speakman and Mitchell 2011) .
Dietary restriction (DR) was found to be protective in reducing cognitive damage in animal models of the Alzheimer disease (AD) (Brownlow et al. 2014; Dhurandhar et al. 2013; Halagappa et al. 2007 ). Many studies show that there is a strong link between metabolic dysregulation and decreased brain function during aging. In humans, high blood glucose and excess of nutrients are a risk factor for cognitive decline and even AD in the elderly (Haan 2006) . Studies conducted on rodents have shown that DR treatment reduces age-related learning and coordination abilities (Mattson et al. 2003; Rich et al. 2010) . Several neuroprotective mechanisms have been suggested to be involved in the beneficial effects of IF and CR, including antioxidant effects, the formation of ketone bodies, anti-inflammatory effects, and increased neurotrophic factor activities. DR increases the expression of various neurodevelopmental factors, such as the brain-derived neurotrophic factor (BDNF), the neurotrophin-3 (NT-3), and the glial cell line-derived neurotrophic factor (GDNF) (Agarwal et al. 2005; Hunt et al. 2006; Lambert and Merry 2004; Rankin et al. 2006) . Recently, several studies have shown that the protein Sirtuin 1 (SIRT1) plays a significant role in the induced neuroprotection following DR (Ingram et al. 2007; Ran et al. 2015) . In recent years, studies have demonstrated the important role of the Sirtuin family in the mechanism by which DR retards the aging processes (Guarente 2013) . Sirtuins have also been described as proteins that play an important role in development, affecting the brain structure through axon elongation, neurite outgrowth, and dendritic branching ). In addition, sirtuins can determine the fate of the neurotransmitters in neurons (Prozorovski et al. 2008; Rafalski et al. 2013) SIRT1, one of the major members of this family, has a role in the development of the hippocampus by its ability to activate Akt and inhibit GSK3. SIRT1 is involved in a variety of physiological processes such as genetic silencing, genome stability, and cell life extension (Martin et al. 2015; Pasinetti et al. 2015) . Further studies have shown that the Sirtuin family is involved in the hypothalamus where it plays roles in regulation of the circadian cycle, endocrine pathways, and appetite (Chang and Guarente 2013; Cohen et al. 2009; Ramadori et al. 2011; Sasaki et al. 2010 ).
In the present study, we report that CR and IF, initiated after mTBI, ameliorated the cognitive deficits induced by the injury and sustained the levels of SIRT1 expression.
Experimental Procedures

Animal Studies
ICR male mice, ages 6-7 weeks, weighing 30-40 g, were purchased from Envigo RMS Israel. The Sackler Commission on Animal Experimentation approved the trial protocol 01-16-021 according to the Guidelines for Animal Experimentation of the National Institutes of Health (DHEW publication 23-85, revised, 1995) . The mice were kept at room temperature at a light/dark cycle of 12 h, 4-5 mice in a standard plastic cage (32 × 21.5 × 12 cm 3 ). Water was freely accessible and the cages bedding was sawdust which was replaced twice a week, in a similar way for all the cages. After the animals arrived at the laboratory, they were given 2-3 days of recovery from the transport and for acclimatization in the new location. Two days before the experiment, all the cages were transferred to the experimental room for the purpose of getting used to the new environment, and reducing anxiety. In addition, animals who took part in behavioral tests were not used for biochemical testing.
Induction of Head Injury in Mice
The head injury in this experiment was performed according to the closed-head weight-drop model. In this model, a fixed weight is released for a free fall according to a defined path. The weight and the height from which it is dropped determine the severity of the injury, and it can range from a mild level of injury to severe brain injury. In the present study, the mice were subjected to mild TBI (mTBI). In the pre-induction stage, the mice were anesthetized by inhaling isoflurane vapor for several minutes. At the time of induction, the mice were kept in such a way as to direct the injury from the frontal lateral direction on the right side of the mouse's head, at an equal distance between the eye and the right ear. The mice were placed on a spongy surface that allows the movement of the head parallel to the injury plane at the time of the weight fall and thus mimics a head injury that occurs during a car accident. The head injury was induced by using the concussive head trauma device, which has been described previously in our lab (Milman et al. 2005; Zohar et al. 2003) . The device is a hollow metal tube (with an internal diameter of 13 mm) that is placed vertically above the head of the mouse. A metal weight (30 g) is inserted into the metal pipe, which falls in a free fall of 80 cm. This model was chosen because it simulates traumatic head injuries such as road accidents or falls, as it imposes a diffuse and non-specific injury.
Intermittent Fasting
Immediately after the mTBI induction, mice of IF and mTBI groups were deprived of food for 24 h and were then maintained on an alternate day fasting regimen in which food was either provided or removed at 8:00 am every other day (repeating cycles of 24 h with no food followed by 24 h with food) for 30 days after mTBI. Water was provided without restriction. Mice in the control diet groups (control and mTBI) were fed Bad libitum^throughout the period.
Caloric Restriction
Immediately after the induction, mice of caloric restriction (CR) and mTBI + CR groups fed 90% of the calculated average food intake value (10% CR), followed by 1 week of 20% CR, 1 week of 30% CR, and then 2 weeks of 40% CR. Water was provided without restriction. Mice in the control diet groups (control and mTBI) were fed Bad libitum^throughout the period.
Novel Object Recognition
Novel object recognition (NOR) was performed 30 days postmTBI. This test examines the visual memory of the animal based on the natural curiosity that exists in rodents for new objects. The testing arena is built in the shape of a square surface (60 cm × 60 cm) and has high walls (20 cm). The Novel object recognition test consists of three stages:
1. Adjustment stage: the mouse is placed in the empty arena for 5 min to learn the surface itself. 2. Learning stage (24 h after acclimatization): the mouse is inserted into the arena where two identical objects (A) are placed for 5 min to recognize them. We will define them as Bold^objects. 3. The test stage (24 h after learning stage): the mouse is inserted into the arena where two objects are placed, one is known from the learning phase (A) and one is Bnew( B), for 5 min.
Between one animal and the other, the surface and the objects were cleaned with ethanol to mask odors that the animals left behind.
The Aggelton index is calculated to assess the extent of learning and visual memory of animals according to the following formula:
A higher preference index indicates better learning. Animals who were present at the objects less than 10% of the total time of the test (i.e., less than 30 s next to the two objects together) were excluded from statistical calculations, since, when a mouse does not explore the objects at all, it is not possible to estimate its visual memory level.
Elevated Plus Maze Protocol
The elevated plus maze (EPM) test provides a measure of anxiety in rodents. This assessment relies on the natural anxiety-like behavior exhibited by rodents when placed in brightly lit open environments. The apparatus is in the shape of a plus formation (+), with arms extending from the center at 90°angles from each other. Opposite arms in the plus formation are identical, i. 
Western Blot
To assess SIRT1 levels in mouse brains, animals were anesthetized with pentobarbital and perfused transcardially with a PBS (pH 7.4) solution. Half of the brains were excised at 30th and half at 31st day post-TBI and frozen in liquid nitrogen, and kept at − 80°C. Thereafter, brains were homogenized in 100 μL/400 μL of Tissue Protein Extraction Reagent, Pierce, supplemented with a protease inhibitor cocktail (Halt Protease Inhibitor Cocktail, Sigma-Aldrich( using a Teflon pestle homogenizer. Homogenates were centrifuged for 15 min at 4°C at 14,000 rpm; then, the supernatant liquid was removed and stored at − 80°C. Then, sample buffer was added to the sample and stored at − 20°C. Prior to electrophoresis, the sample was heated to 90°C for 3 min then 30 μL and then loaded on a gel (cat. 456-1094, Mini-PROTEAN TGX Gel 4-20%), and proteins were then transferred onto nitrocellulose membranes (Trans-Blot Turbo, Bio-Red). The membrane was blocked by incubating in 5% BSA in TTBS for at least 1 hour at room temperature. Membranes were incubated overnight at 4°C with primary mouse anti-SIRT1 antibody (diluted 1:500; ab10304; Abcam(and washings with TTBS. Membranes were then incubated at room temperature for 1 h with horseradish peroxidase-conjugated goat anti-mouse antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) and bound antibody detected using enhanced chemiluminescense with ECL (enhanced chemiluminescence assay) (Pierce Rockford, IL) by Fusion FX7 for 1 min. The densitometry analysis of the detected signal was made using ImageJ software (National Institutes of Health, Bethesda, MD). Membranes were stripped and incubated with anti-mouse α-tubulin antibody (diluted 1:10000; cat. sc-53030, Santa Cruz) then conjugated goat anti-mouse antibody (Jackson) to rectify the amount of protein. The quantification of every sample was determined by the proportion between SIRT1 and α-tubulin; then, the samples were normalized to the control group at the same membrane.
Mice whose brains were used in western blot were not tested by behavior studies.
Data Analysis
All values are presented as mean values ± standard error. Significance was calculated using the ANOVA (analysis of variance) tests for continuous variables. For post hoc comparisons, we used Fisher LSD post hoc tests. One-way ANOVA were performed in SPSS_20 and t tests were performed in Excel. Statistically significant differences between the averages will be marked by asterisk, *p ≤ 0.05, **p ≤ 0.01.
Results
Dietary Restriction Ameliorates Cognitive Deficits in a Mouse Model of mTBI
The first set of experiments was aimed at assessing the effect of the two modes of DR (CR and IF) on the visual memory in mice 30 days after mTBI. In order to do so, we used the novel object recognition (NOR). Figure 1a shows that the preference index was significantly reduced in mTBI mice compared with control (from 0.528 ± 0.10 to − 0.023 ± 0.16, respectively; ***p < 0.001; n = 9). The IF diet (mTBI + IF) completely prevented this cognitive impairment in mTBI mice (0.514 ± 0.07; n = 10). In the CR study, mTBI significantly reduced the object preference index indicating cognitive impairment (from 0.462 ± 0.07 to 0.105 ± 0.0.05; **p < 0.01; n = 11). CR diet (mTBI + CR) prevented the cognitive impairment in mTBI mice (0.425 ± 0.08, n = 8, Fig. 1b) . Neither IF nor CR had a significant effect on object recognition memory in uninjured control mice (Fig. 1a, b) .
The elevated plus maze (EPM) was performed to evaluate the anxiety-like behavior of the mice. We did not find any significant differences between the experimental groups (data not shown).
CR, but Not IF, Increases the Expression of SIRT1 in the Cerebral Cortex
IF did not alter the expression of SIRT1 in the cortex of mice compared with control mice fed ad libitum (0.979 ± 0.01 and 1.18 ± 0.08, respectively; Fig. 2a) . CR, on the other hand, significantly increased SIRT1 levels in the cortex compared with control mice fed ad libitum (3.51 ± 1.32 and 1.08 ± 0.09, respectively; **p < 0.01; n = 3-6; Fig. 2b ). Figure 3a shows that the levels of SIRT1 were significantly reduced 30 days post-injury in the cortex of mTBI mice compared with control (0.492 ± 0.01 and 0.979 ± 0.04, respectively, **p < 0.01; n = 4-6). In contrast, SIRT1 levels were not significantly reduced in the cortex of mice in the IF diet group (0.993 ± 0.01 **p < 0.01; n = 6;). Similarly, SIRT1 levels were not significantly reduced in the cortex of mice in the CR diet group (Fig. 3a) compared with mice in the ad libitum control mTBI group (1.068 ± 0.166 and 0.536 ± 0.05, respectively, **p < 0.01; n = 3-6).
IF and CR Prevent the Reduction of SIRT1 Expression Following mTBI
CR, but Not IF, Increases the Expression of SIRT1 in the Hippocampus
IF did not alter the expression of SIRT1 in the hippocampus compared with mice fed ad libitum (0.978 ± 0.07 and 0.95 ± 0.08, respectively; Fig. 4a ). CR significantly elevated SIRT1 levels in the hippocampus compared with the untreated control mice (1.221 ± 0.24 and 0.951 ± 0.07, respectively; *p < 0.01; n = 3-8; Fig. 4b ). Figure 5a shows that the levels of SIRT1 were significantly reduced 30 days post-injury in the hippocampus of mTBI mice compared with control uninjured mice (0.638 ± 0.03 and 0.979 ± 0.06, respectively, *p < 0.05; n = 4-6). The IF diet prevented this reduction (1.097 ± 0.02, *p < 0.05; n = 6). CR did not prevent the mTBI-induced reduction in the level of SIRT1 in the hippocampus (Fig. 5b) (0.744 ± 0.01 and 0.657 ± 0.01, respectively, n.s; n = 4-6).
IF, but Not CR, Prevents the mTBI-Induced Reduction of SIRT1 Levels in the Hippocampus
Discussion
Recently, there are growing reports regarding the beneficial effects of DR on many parameters of wellbeing, including life span, cognitive abilities, and neurodegeneration (Brownlow et al. 2014; Hadem et al. 2019; Speakman and Mitchell 2011) . Moreover, CR was found protective in conditions of brain injury (Loncarevic-Vasiljkovic et al. 2016; Mychasiuk et al. 2015) . Thus, the main goal of the present study was to assess the cognition-sparing effects of two different DR regimens, IF and CR, in closed-head mTBI mouse model. In order to address the mechanism of DR, we tested the potential involvement of SIRT1 in this process. We chose to focus on post-injury DR as a therapeutic strategy.
First, we evaluated the cognitive performance of mice using the NOR test. As expected from previous studies (Heim et al. 2017; Zohar et al. 2011) , TBI caused significant impairment of memory 30 days post-injury in mice fed ad libitum. Both IF and CR significantly ameliorated this cognitive deficit. It was previously found that IF was neuroprotective in animal models of stroke and Alzheimer's and Parkinson's diseases (Anton et al. 2018; Longo and Mattson 2014) . Here, we show that both IF and CR preserve visual memory function in our closed mTBI mouse model. IF and CR did not alter NOR memory in uninjured mice. Previous studies have shown that DR can enhance hippocampal neurogenesis and synaptic plasticity (Bele et al. 2015; Solari and Hangya 2018) and neurogenesis and axon elongation in brain regions, which are known to be involved in cognition Fig. 4 The effect of diet restriction on the expression of SIRT1 in the hippocampus of mice. a Intermittent fasting (IF) did not alter the expression of SIRT1 in the hippocampi of mice compared with untreated control mice. t test revealed no differences in expression SIRT1 between the Con to the IF diet (p =0.45). b Calorie restriction (CR), on the other hand, significantly elevated SIRT1 levels in the HP compared with the untreated control mice. t test revealed a significant elevation in expression SIRT1 in mice fed in CR (*p < 0.05) (for review, see Solari and Hangya 2018) . Previous reports have also shown that DR induces the expression of neurotrophic factors like BDNF and GDNF and has antiinflammatory effects (Maalouf et al. 2009; Thrasivoulou et al. 2006; Ugochukwu and Figgers 2007) . These reports suggest relevant mechanisms to the cognitive neuroprotection in mTBI models.
One of the most studied molecules that were reported to be involved in the health-enhancing effects of DR is SIRT1. It has been reported to be involved in improving aging and longevity in animal models (Guarente 2013; Ingram et al. 2007; Ran et al. 2015) . In addition, it protects against neurodegeneration (Donmez 2012; Donmez et al. 2012) . It is also involved in many metabolic functions such as glucose homeostasis, lipid metabolism, energy balance, and stress responses (Martin et al. 2015; Pasinetti et al. 2015) . SIRT1 has been detected in the nucleus and cytoplasm, and interacts with nuclear and cytosolic proteins (Nogueiras et al. 2012) . It was previously suggested to be part of the protection mechanism of DR in various situations, from aging to neurodegeneration. Hence, we wanted to test its involvement in the mechanism that underlies the cognitive impairment in our mTBI model and the effect of DR on SIRT1. Since we have chosen to focus on post-injury DR treatment, it was essential to perform the cognitive and biochemical analyses longer time points.
Figures 2 and 4 show that, while CR induced a pronounced elevation in SIRT1 levels in the mice brains (the cortex and hippocampus), IF did not change its levels, implying of a potentially different effect of these two diets on SIRT1 mechanism. We then focused on the effect of TBI on SIRT1 levels in the two brain regions (the cortex and hippocampus) that play key roles important in cognition and memory. The following goal was to evaluate the effect of DR on the levels of SIRT1 in these regions while protecting cognition. Indeed, TBI significantly reduced the levels of SIRT1, suggesting a potential mechanism contributing to cognitive impairment (Stamatovic et al. 2018) . Both CR and IF prevented the reduction in SIRT1 levels resulting from mTBI in the cortex, whereas only IF preserved SIRT1 levels in the hippocampus. These results suggest that the mechanisms by which IF and CR protect against cognitive impairment in mTBI may not be identical. To conclude, although both IF and CR ameliorated the cognitive deficits after mTBI, the mechanism could be different and may involve the region of interest.
TBI is a common cause of enduring cognitive deficits and behavioral alterations in the general public, contact sport athletes, and military personnel (Bogdanova and Verfaellie 2012; Manley et al. 2017) . Moreover, while mTBI may not cause overt neuronal degeneration in the short-term, repeated conc u s s i o n s c a n r e s u l t i n a d e l a y e d p r o g r e s s i v e neurodegenerative process called chronic traumatic encephalopathy (Vos et al. 2018) . As of yet, there are no effective treatments that can ameliorate cognitive deficits in patients that have suffered one or more mTBIs. IF is neuroprotective and neurorestorative in a wide range of animal models of brain injury and neurodegenerative disorders (Mattson 2012) . DR was previously shown to protect neurons and improve functional outcome in animal models of stroke, epilepsy, and TBI when initiated prior to the brain injury (Arumugam et al. 2010; Bruce-Keller et al. 1999; Fann et al. 2014; LoncarevicVasiljkovic et al. 2016; Loncarevic-Vasiljkovic et al. 2012; Rich et al. 2010) . In the present study, we show that IF and CR are effective in ameliorating cognitive deficits in a mTBI model when initiated after the brain injury. Our findings therefore suggest that IF and CR may prove effective in the treatment of TBI patients during the days and weeks following the head trauma.
